Abstract. A micromagnetic model for the calculation of magnetization processes in magnetic multilayer systems has been developed using a finite element method. Shell elements which account for the multilayer structure and a magnetic vector potential to treat long-range dipolar interactions are the essential features of the algorithm. Micromagnetic calculations of hysteresis properties and domain structures in Co/Pt multilayer systems show a qualitative agreement with magnetic images obtained from field emission Lorentz microscopy. The nucleation field of Co/Pt multilayers increases with improving texture. Spatial fluctuations of the magneto-crystalline anisotropy energy create barriers for domain wall motion. The pinning field of domains increases with increasing grain size. The domain wall structure depends on he local magnetocrystalline anisotropy. The wall structure changes from a Bloch-type to a Néel-type wall as the local anisotropy constant decreases. The quality of texture and the grain size significantly influence the jaggedness of domains in Co/Pt multilayers. Large grains and strong deviations of the easy directions from the film normal deteriorate the smoothness of domains and increase the transition width.
Introduction
The development of advanced information storage media requires a quantitative knowledge of magnetization processes on a significant length scale of several nanometres. With increasing recording densities, the need to understand the correlation between the microscopic arrangement of the magnetic moments and the physical/chemical microstructure is important. During the last decade numerical micromagnetic modelling and magnetic imaging have become complementary tools to investigate the influence of microstructural features on the magnetic properties [1] . Tuning of the microstructure to meet the required magnetic properties becomes possible in artificial structured media such as multilayer thin films. Co/Pt multilayer structures, which are excellent candidates for high-density magnetooptic recording at blue-range wavelengths [2] are a well known example of an artificial structured material. This work presents numerical micromagnetic calculations that demonstrate the effect of the microstructure on the magnetic properties of Co/Pt multilayers. The comparison of the micromagnetic predictions with experimental data obtained from Lorentz electron microscopy studies provides further insight into the magnetization processes of Co/Pt multilayer structures.
Zhu and Bertram [3] developed a micromagnetic model for perpendicular recording media. Their model relies on the granular structure of CoCr thin films, representing the magnetic layer by a two-dimensional array of hexagonal columns on a triangular lattice. Each grain is assumed to be a single crystal with uniform magnetization. Their calculations clarified the influence of intergranular exchange interactions on the recording properties. Mansuripur and co-workers [4] calculated magnetization reversal processes in TbFeCo thin films for magneto-optic recording. Neighbouring points on a two-dimensional hexagonal lattice are combined to patches having equal intrinsic magnetic properties, in order to model structural inhomogeneities of the amorphous film. Their results confirm that nucleation of reversed domains and subsequent domain wall motion determine the coercivity of thin film recording media. Three-dimensional micromagnetic models of perpendicular recording media allow a nonuniform magnetization in the direction of the film normal and thus take into account magnetization curling within the individual grains. A micromagnetic model for CoCr perpendicular films presented by van Kooten and co-workers [5] assumes cubic grains which are subdivided into smaller cubic elements with uniform magnetization. Victora and co-workers [6] use a cell of nine grains and periodic boundary conditions to model a Co/Pt film consisting of columnar grains. Each grain is further subdivided in the direction of the film normal. The size, the shape, and the anisotropy directions of the grains are carefully chosen in order to represent the morphology of the film. Both models show reasonable agreement with measured hysteresis loops. This paper presents three-dimensional calculations of the magnetic properties and of domain structures in Co/Pt multilayer thin films. A previously developed micromagnetic finite element model for permanent magnets [7] has been adapted to treat magnetization processes in multilayer thin films. The model takes into account structural and magnetic features of Co/Pt multilayers, such as columnar grains, random spatial fluctuations of perpendicular anisotropy, and the polarization of Pt atoms. One major problem in modelling magnetization processes of thin film media is the different length scales involved. In Co/Pt multilayers the domain repetition period and the domain wall width differ by more than one order of magnitude [8] . The concurrent modelling of domain patterns and domain wall configurations requires a sufficiently large number of grains and a very fine finite element mesh which considerably increases the number of variables. For such large-scale problems the direct evaluation of the stray field energy becomes impracticable, since the demagnetizing field at a given point depends on the magnetization at all grid points. Introducing a magnetic vector potential eliminates long-range terms from the micromagnetic energy functional [9] . Special finite element techniques such as shell elements [10, 11] and incomplete gauging [12] of the magnetic vector potential keep the number of degree of freedom as small as possible.
Section 2 of this paper describes the micromagnetic and numerical background of the simulation model. Section 3 treats the effect of microstructural features such as grain boundary segregation, grain size, and quality of texture on magnetization reversal and on domain structures in Co/Pt multilayers. Section 4 considers domain wall processes and their impact on the limits of bit size and on transition noise. Section 5 compares the numerical results with images of domain structures using field emission Lorentz microscopy [13, 14] .
Micromagnetic model
Micromagnetism is a first principle theory for the treatment of magnetization processes in ferromagnetic materials [15, 16] . The only inputs for micromagnetic calculations are the intrinsic magnetic properties and the microstructure. The theory of micromagnetism considers the total magnetic Gibbs' free energy which may be written for Co/Pt multilayer systems in the following form [17] :
where the Co layers, the Pt layers, and the total system occupy the regions Co , P t , and Co ∪ P t respectively. K u is the perpendicular anisotropy constant per Co volume, A is the exchange constant, and α is the angle between the magnetic polarization J s and the anisotropy axis. Using the polar angle ϕ and the azimuth angle ϑ to describe the direction of J s automatically fulfils the nonlinear constraint, |J s | = J s , during minimization. The first integral over the Co layers denotes the magnetocrystalline anisotropy energy. The second integral over the total multilayer system is the sum of the exchange energy and the magnetostatic energy of J s in an external field H ext . The third integral over the entire space is the stray field energy expressed by a magnetic vector potential A. Upon minimization the competitive effects of the different energy contributions determine the equilibrium distribution of the magnetization. The ferromagnetic exchange energy aligns the magnetic moments parallel to each other, the magnetocrystalline anisotropy energy causes the magnetization to be oriented along certain crystallographic directions, the stray field energy favours the existence of magnetic domains, and magnetostatic energy rotates the magnetic polarization parallel to the applied field. Each stable equilibrium state of the magnetization corresponds to a local minimum of the total magnetic Gibbs' free energy. Small changes of the external field alter the energy landscape. A shift of position of a local minimum with respect to the magnetization angles corresponds to reversible rotations of the magnetic moments. However, at some critical fields a local minimum may vanish and the system proceeds towards the next local minimum. This change of curvature induces irreversible magnetization processes such as the nucleation of reversed domains [18] . Hysteresis is the way the system follows its path through the energy space for decreasing and increasing applied fields. Subsequent minimum energy solutions for varying external field provide the hysteresis loop of the magnetic specimen [19] . A well known example for this kind of calculation is the Stoner-Wohlfarth theory [20] .
The columnar grains of thin film recording media show a nonuniform demagnetizing field and in turn exhibit an inhomogeneous magnetic state.
Intergrain exchange and magnetostatic interactions lead to cooperative magnetization processes. Thus the numerical treatment of magnetization processes requires the following tasks.
(1) Discretization of the total magnetic Gibbs' free energy in order to obtain an algebraic minimization problem.
(2) Calculation of long-range stray fields which arise from a non-zero divergence of the magnetization within the grains and the intersection of the magnetization with the grain surface.
(3) Minimization of the total magnetic Gibbs' free energy subject to the constraint that |J s | remains constant. Table 1 gives an overview of various numerical techniques applied to solve these basic tasks of numerical micromagnetics.
The methods used in a micromagnetic model strongly depend on the microstructure of the magnetic sample. Co/Pt multilayer thin films consist of columnar grains. Voronoi cells created from seed points on a nearly hexagonal lattice serve as a reasonable model of the grain structure [28] . In order to account for the columnar structure, the grains in different layers match in the film normal. Characteristic microstructural features are the average grain diameter D, the grain boundary segregation, and the quality of texture. Figure 1 characterizes the structural properties of the multilayer system used for the calculations. The graphs show the cross section of the multilayer, the distribution of perpendicular anisotropy, and the grain structure. The anisotropy directions are virtually perpendicular to the layer plane distributed randomly up to a maximum deviation angle θ. Both anisotropy directions and perpendicular anisotropy constants vary from grain to grain and from layer to layer. The shape of each layer is rectangular. Periodic boundary conditions are applied. The polarization of Pt atoms next to the Co layers increases the magnetic polarization per unit volume Co by about 30% [29] . A nonvanishing magnetic polarization in the Pt layers gives rise to weak interlayer exchange coupling in addition to magnetostatic interactions. Table 2 summarizes the material properties used for the simulations. Irregular shaped, columnar grains are best modelled by linear pentahedral finite elements. A linear interpolation of magnetization angles leads to a well defined exchange energy. Thus ambiguities in the exchange energy arising from a constant magnetization on irregular grids can be avoided. The layer thickness is very small as compared to the lateral extension of a finite element. The pentahedral elements reduce to triangles and each layer can be represented by a triangular mesh, performing the integration in the direction of the film normal in advance [11] . Since a Co layer contains only two atomic layers, the magnetization is assumed to be constant in the direction of the film normal. The stray field energy of the Pt layer can be described in the very same way as the energy of a thin air gap in magnetostatic finite element calculations [10] . The use of this technique is justified, because the Pt layer thickness is considerably smaller than the domain width which is of the order of 100 nm to 200 nm. Figure 2 shows the finite element mesh structure and summarizes the approximations due to the use of special finite elements for modelling Co/Pt multilayer systems.
The magnetostatic boundary value problem for the demagnetizing field is solved by a standard finite element approach. Among the well known finite element techniques for 3D magnetostatic field calculations [34] [35] [36] , a vector potential formulation [35] is beneficial in numerical micromagnetics, because the energy functional of the Euler-Lagrange equation giving the vector potential is part of the total magnetic Gibbs' free energy. The first variation of the last term of equation (1) with respect to A leads to the unconstrained curl-curl equation [9, 35] for the magnetic vector potential. In order to reduce the number of unknowns, the incomplete gauge formulation [12] , A · z = 0 (z is the film normal), is used. A coordinate transformation in the direction of the film normal maps the exterior space onto some additional layers that account for the stray field energy in the exterior space.
The finite element discretization of equation (1) leads to a large-scale nonlinear optimization problem, For such large-scale problems conjugate gradient methods are more efficient than Newton methods [37] . A preconditioned quasi-Newton conjugate gradient method [37] solves for the magnetization and the magnetic vector potential simultaneously at all nodal points of the finite element mesh. In sputterdeposited Co/Pt multilayers compositional segregation at the columnar grain boundaries may occur and reduce the intergrain exchange with respect to the bulk value [33] . On the other hand, there is no experimental evidence for grain boundary segregation in Co/Pt multilayer films deposited by electron beam evaporation. In order to investigate the effects of intergrain exchange interactions on the magnetic properties, we considered the two extreme cases. Figure 3(a) compares the numerically calculated demagnetization curves for complete grain boundary segregation and for full intergrain exchange coupling.
Hysteresis properties
Figures 3(b) and 3(c) give the domain patterns for different applied fields. Both samples show a multidomain state after the onset of magnetization reversal which indicates that the nucleation field is smaller than the pinning field of reversed domains. Without integrain exchange interactions, nucleation of reversed domains starts at several places. Magnetization reversal remains localized at the vicinity of the nucleation sites. The reversed domains expand as the external field is increased leading to steps in the demagnetization curve. On the contrary, the demagnetization curve for full intergrain exchange interactions shows a steep decrease at the nucleation field owing to the formation of few large domains. The successive expansion of the initially reversed domains significantly lowers the stray field energy. However, as domain wall pinning becomes the governing mechanism, magnetization reversal proceeds with a finite slope of the demagnetization curve. Spatial fluctuations of the magnetocrystalline anisotropy energy from grain to grain hinder domain wall motion. Comparison of the demagnetization curves in figure 4 obtained for full intergrain exchange interactions shows that the nucleation field deteriorates with decreasing quality of texture whereas the pinning field increases with increasing grain size.
In addition to grain boundary segregation, the bulk [31] ) and its value for bulk Co (A = 1.3 × 10 −11 J m −1 ). Increasing strength of exchange interactions improves the squareness of the demagnetization curve. The nucleation of reversed domains requires overcoming an energy barrier due to the exchange energy. Thus the nucleation field increases with increasing value of the exchange constant. The polarization of the Pt atoms next to the Co layer increases the total magnetization of the multilayer system and leads to small effective exchange interactions between the Co layers. The enhanced magnetization owing to the polarization of Pt atoms increases the demagnetizing field and thus reduces the nucleation field.
Domain wall processes
The following numerical experiments have been carried out in order to gain further insight into domain wall processes and their impact on recording properties: (1) calculation of remanence curves that resemble the isothermal AC and DC remanence curves, (2) calculation of domain wall motion and domain wall configurations for a stripe domain structure, (3) calculations of domain expansion starting from a small initially reversed state to find the lower limit of bit size, and (4) the calculations of wall profiles to correlate transition noise with microstructural properties. For the calculation of the remanence curves presented in figure 6(a) , an external field is applied to the Co/Pt multilayer structure and the corresponding equilibrium state is calculated. Then the external field is switched off and the equilibrium state is recalculated for zero applied field. Starting configurations for the DC and AC remanence curves are the saturated state and a magnetic state which resembles the AC demagnetized state. An AC-like demagnetized state which results from energy minimization starting from a random magnetization distribution is used, because computing an AC demagnetized state from field cycles requires too much computation time. Figure 6(b) gives the domain patterns along the AC curve for different external field values. The domain width in the AC-like demagnetized state is of the order of 100 nm. The application of successively higher fields causes the growth of domains in which the magnetization direction is parallel to the applied field. The overall shape of the domain structure remains unchanged during this process. At larger fields the annihilation of domains occurs. However, some parts of reversed domains remain and are hard to annihilate. A similar behaviour was found in experiments [8] carried out in an electron microscope using DPC Lorentz microscopy.
For an investigation of domain wall motion a stripe domain state, with the magnetization pointing upwards at the sides and downwards in the middle of the layers, was used as the initial configuration. This configuration remains stable up to an external field of H ext = 365 kA m −1 assuming a multilayer structure with θ = 5
• , D = 30 nm, and full intergrain exchange interactions. The domains are pinned at the boundaries of grains with different anisotropy constants. Figure 7 gives the calculated domain wall configuration for zero applied field. The wall structure changes from a Néel-like wall to a Bloch-like wall as the local anisotropy increases.
Numerical calculations for Co/Pt multilayers with intergrain exchange interactions show that an initially reversed domain of about 20 nm diameter leads to the growth of an almost circular domain with an extension of 240 nm in zero field. In multilayer structures without any grain boundary segregation, small reversed regions expand to larger domains owing to the reduction of the stray field energy. The domain width of the resulting equilibrium magnetic state determines the lower limit of bit size.
The jaggedness of domain walls significantly depends on the quality of texture and the grain size. Figure 8 shows numerically calculated bubble domains for different microstructural properties. The equilibrium magnetic states have been calculated starting from an initially reversed magnetization within a circular region of 300 nm diameter. The magnetization component parallel to the film normal has been averaged over 36 radial directions, in order to calculate the wall profiles of figure 8 . The standard deviation of the magnetization is a measure for the transition noise. Sharp transitions and smooth domain walls are found for D = 20 nm and θ = 10
• . The transition width and the domain wall jaggedness increase with decreasing quality of texture and increasing grain size.
Discussion and conclusion
The differential phase contrast (DPC) imaging mode of Lorentz transition electron microscopy (TEM) provides a powerful means by which the micromagnetic structure of domains in Co/Pt multilayers can be studied. For a vapourdeposited Co/Pt multilayer film with the composition used in the computer simulation, in situ magnetizing experiments were undertaken in which the samples were subjected to field variations closely resembling those in isothermal remanence and DC demagnetization measurements. The experimental details and the magnetic imaging techniques are described in the literature [8, 30] . Figure 9 shows a typical set of DPC images giving the domain patterns in the remanent magnetic state after application of an external field. The image on the top left is the film in the AC demagnetized state obtained by spinning the sample in a decreasing magnetic field. The image on the top right give the remanent state after the application of a field of +160 kA m −1 . Thereafter a high positive field was applied to take the film to positive saturation. The field direction was then reversed to proceed towards saturation in the opposite direction. The image on the bottom left is the result of applying a field of −140 kA m −1 which is approximately the nucleation field of the sample. Next a high negative field was applied to take the film to negative saturation. Finally, for the bottom right image, a field of +140 kA m −1 was applied to renucleate a domain structure. The small physical defect towards the left-hand side of each image confirms that the same area of film is imaged each time.
The magnetic images at the top of figure 9 can be compared with the calculated domain patterns of figure 6(b).
Modelling and experiment both support an irregular maze-like domain structure in the AC demagnetized state. The domain widths in the range of 70-200 nm agree well with numerical predictions. Also, the way the structure develops under an applied field is similar in modelling and experiments with the underlying skeletal shape of the domain structure remaining substantially unchanged. This behaviour indicates a high density of wall pinning sites. Indeed the micromagnetic results strongly suggest that the boundary between grains with different anisotropy directions act as pinning sites.
The magnetic images at the bottom of figure 9 show the remanent states where renucleated domains first occur after saturation in negative and positive direction respectively. These images can be compared with the domain patterns on the left-hand side of figure 3(c) which gives the calculated domain structure after nucleation. Experimentally, there is quite a large size variation after domain nucleation although domains tends to have sub-micron width. For the investigated Co/Pt multilayer film the domain widths found after nucleation are frequently in the range of 100-800 nm which is consistent with figure 3(c) .
Whereas there is an excellent agreement on the mazelike structure and the width of domains, discrepancies between experiments and modelling occur for the coercive field and for the saturation field. The coercivity of the film is approximately 140 kA m −1 , which is lower than the coercive field in the demagnetization curve of figure 3(a) and saturation appears to take place at a significantly lower field than that predicted. Although the values do not agree too well, the shape of the experimental hysteresis loops closely resembles that for the model with full intergrain exchange coupling. The differences in the field values may be due to microstructural effects not taken into account in the micromagnetic model and the static calculation of equilibrium states. Minimizing the total Gibbs' free energy in order to solve for an equilibrium state assumes infinite damping and neglects the precession of the magnetic moments. Victora and co-workers [6] show that neglecting the precession term in micromagnetic calculations of thin film media may increase the coercive field by more than 30%.
Micromagnetic modelling and magnetic imaging provide considerable insight into the mechanisms that determine the magnetic properties of Co/Pt multilayer structures. Numerical micromagnetics enrich the understanding of the correlation between the intrinsic magnetic properties, the microstructure and the recording properties in multilayer recording media. Comparison of numerical micromagnetic calculations and magnetizing experiments carried out in an electron microscope leads to the following conclusions.
(1) Spatial fluctuations of the magnetocrystalline anisotropy from grain to grain provide a high density of pinning sides and thus support a maze-like domain structure in the AC demagnetized state. (2) Numerical micromagnetic modelling gives accurate predictions for the domain width in multilayer recording media.
